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Background

The possibility of fast ignition of thermo-nuclear fusion1 is stimulating research
interest and activity worldwide. Fast ignition (FI) offers significantly higher gain than
conventional spark ignition2 and the high gain opens the way to an efficient fusion energy
producing cycle with laser drivers3.

The key to FI is the efficient transport of energy from a short pulse laser beam,
the ignitor, to a small ignition spark in compressed deuterium-tritium fuel. The primary
candidate process enabling such energy transfer, is the absorption of laser light and its
conversion into a beam of relativistic electrons, which heats the spark4. Theory has
predicted self-induced magnetic collimation of the electron beam5, which could enable
efficient transport from the absorption point to the ignition spark. Experiments are
required to understand this highly complex process which involves currents in the
electron beam, which greatly exceed the Alfven current limit6 (at which the Larmor
radius of an electron in the magnetic field associated with by the current is smaller than
the radius of the beam). Almost complete current compensation by cold electron return
current is therefore required. The oppositely directed hot and cold electron flows initiate

strong growth of the Weibel instability, which causes the currents to break up into
microscopic filaments 7. The net forward current at less than the Alfven limit however
generates a magnetic field, which acts to collimate the overall electron flow5.

Experiments with the chirped pulse amplification (CPA) petawatt laser8 at LLNL
have shown efficient conversion of laser energy to relativistic electrons4. Heating to 300
eV has been deduced from x-ray spectra of Al layers in a solid CH targets9 and
temperatures exceeding 500eV have been inferred from the neutron yield of D-D thermo-
nuclear fusion in solid CD2 targets2. Collimated energy transport in a columnar annular
pattern has been seen in images of thermal x-ray emission of Al and Au layers in CH
targets as illustrated in figure 110. Work in other laboratories worldwide has given

additional evidence of well-collimated energy transport11,12.
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Figure 1.   X-ray images of 0.5 µm thick Al layers at depths of 15 and 100 µm in solid CH2. Targets were

irradiated with 5 ps, 400J pulses. The pattern of heating is annular and collimated over the 100 µm range of

the experiment.

In the summer of 1999, there was a major review of the US Fusion Energy
program conducted in part through a fusion community Summer Study at Snow Mass in
Colorado. We participated actively in that study and made the case for fast ignition in
general13 and for the study of energy transport in particular14. Subsequent
recommendations by the Fusion Energy Sciences Advisory Committee (FESAC) opened
up the possibility of proposing concept explorations for inertial fusion energy within the
Office of Fusion Energy Sciences (OFES) program.

The goals of the project

The principal goal of this one-year exploratory LDRD project was to devise new
ways to improve the measurement of energy transport by relativistic electrons and to
negotiate and plan collaborative FI experiments. The experiments would be carried out at
laboratories overseas, which alone had lasers of sufficient power and energy after the
closure of the Nova petawatt laser at LLNL. A further goal was to propose research into
fast ignition in the OFES program.

The LDRD project was successful in both its main objectives.

15 µm depth 100 µm depth
200 µm at target
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Collaborations and a new OFES project

Collaborations overseas were established with scientific teams using 100 TW, 1

ps CPA laser facilities at the Rutherford Appleton Laboratory in the U.K., the LULI
Laboratory in France and the ILE Laboratory in Japan. Two new diagnostic instruments
were planned for these experiments. One uses imaging with a few micron resolution, of
Planckian XUV emission at 60 eV photon energy to give more sensitive measurements of
the temperature pattern on the rear surface of an electron-heated target. The second uses
spherical crystal imaging of Kα x-ray fluorescence from buried layers of Ti and Cu to

map with a less than 10 µm resolution the pattern of electron energy transport inside solid

targets.

A US partnership was developed between LLNL, General Atomics, University of
California at Davis, Princeton University and University of California at San Diego. As
partners we made a joint proposal to the OFES for concept exploration studies in fast

ignition which was funded with effect from July 2000. This US team will undertake a
four-year program of work to investigate fast ignition (primarily the energy transport
issues) through international collaboration in experiments on high intensity laser facilities
over-seas. Theory and numerical modeling is included in the project. Links have also
been established with related FI target design activity and with reactor studies funded by
OFES.

Experimental study of proton beam generation

In preparation for the work overseas, smaller scale experiments were begun using
the JanUSP laser at LLNL. JanUSP is currently the most powerful laser facility in the

U.S.A. and is capable of producing intensities on target of approximately 1020 Wcm-2 in
100 TW, 100 fs, 10J pulses. These experiments were directed towards further study of an
exciting discovery, which had been made in the petawatt experiments at the Nova laser15.
This is the generation of highly collimated intense high energy proton beams from the
rear surface of laser irradiated thin foil targets. The mechanism of production of these
beams had become somewhat controversial in the scientific community as others had put
forward a model, which differed from our original explanation. We had postulated that
relativistic electrons penetrating through thin foil targets created a high electric field in a
Debye-sheath on the rear surface, which then accelerated ions into vacuum16. The
contrary explanation assumed that laser light pressure at the front surface drove ions
through the target17.
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Data from JanUSP provided further evidence for the Debye sheath mechanism.
The variation of proton energy with thickness of the target was measured as shown in
figure 2. 20 MeV protons from the front surface would experience negligible energy loss
in travelling through the 100 µm maximum thickness of the targets used in the

experiment, yet there was a fall in energy to about 5 MeV with increasing target thickness
L from 2 to 100 µm. This can be understood through the reduction in number density Ne

of hot electrons (scaling as L-1) trapped electro-statically in thicker targets. There is a
corresponding reduction (scaling as Ne

 0.5), in the electric field of the Debye sheath and
therefore of the proton energies.

Figure 2.  Variation of maximum proton energy with target thickness for Al targets irradiated with 100fs,

10J pulses at the JanUSP laser.

The JanUSP work also gave data on the effective source size of the proton beam.
This was measured from radio-chromic film images of the penumbral shadow of an
obstacle placed in the beam and was found to be to be only 40 µm, as illustrated in Figure

3. The cone angle of the beam can also be measured from the same images and hence the
emittance.    The data showed that the normalized emittance is less than 1.0 πmm mrad at

the maximum proton energy, and thus better than that of the beam injected into
accelerators such as the proton Linac at CERN.
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Figure 3.  Penumbral image of >3MeV protons with an edge obscuration in the beam, recorded on radio-

chromic film at JanUSP (left) and line out through the penumbral shadow (right). The inferred source size
is 40 µm.

The discovery of the proton beam also enabled us to formulate a new idea for FI
using protons to transport the energy. In this concept ballistic focusing of proton beams

generated at a thin target with a concave spherical rear surface would deliver energy to
the ignitor spark. The advantage is much simpler energy transport physics. The key
question to be resolved is how to obtain efficient conversion of laser energy to protons in
a 15 to 25 MeV energy band required to limit the transit time spread of arrival of the
protons at the ignitor spark.  A paper outlining the concept was recently accepted for
publication in the Physical Review Letters18.

Conclusions

In conclusion, the short investigative project proved very successful with some
new scientific results in the area of proton beams and the launching of a new OFES

program in concept exploration of fast ignition.
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